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The active manipulation of nuclear spins with radio-frequency (RF) coils is at the heart of nuclear
magnetic resonance (NMR) spectroscopy and spin-based quantum devices. Here, we present a
microcoil transmitter system designed to generate strong RF pulses over a broad bandwidth, allowing
for fast spin rotations on arbitrary nuclear species. Our design incorporates: (i) a planar multilayer
geometry that generates a large field of 4.35 mT per unit current, (ii) a 50 Ω transmission circuit with
a broad excitation bandwidth of approximately 20 MHz, and (iii) an optimized thermal management
for removal of Joule heating. Using individual 13C nuclear spins in the vicinity of a diamond
nitrogen-vacancy (NV) center as a test system, we demonstrate Rabi frequencies exceeding 70 kHz
and nuclear pi/2 rotations within 3.4µs. The extrapolated values for 1H spins are about 240 kHz and
1µs, respectively. Beyond enabling fast nuclear spin manipulations, our microcoil system is ideally
suited for the incorporation of advanced pulse sequences into micro- and nanoscale NMR detectors
operating at low (<1 T) magnetic field.
I. INTRODUCTION
The active control of nuclear spins in the form of strong
radio-frequency pulses is a common method in conven-
tional NMR to suppress line broadening [1] and for ad-
vanced multi-dimensional spectroscopy [2]. High-field
NMR uses tuned circuits to achieve large radio-frequency
fields while simultaneously maximizing the detection sen-
sitivity. By shrinking coils to micrometer dimensions and
driving them with kilowatt amplifiers, proton Rabi fre-
quencies exceeding 1 MHz have been demonstrated [3, 4].
In recent years several applications have emerged that
operate at low magnetic field and that require broadband
excitation, calling for alternative radio-frequency trans-
mitter circuits. One promising application are micro-
and nanoscale NMR detectors based on nitrogen-vacancy
(NV) impurities in diamond, which aim at detecting
NMR signals originating from molecules near the sur-
face of a diamond chip [5, 6]. At the microscale, NV-
NMR detectors are expected to provide a new route to
microfluidic analysis of small sample quantities [7, 8]. If
successfully scaled down to the single-molecule level, NV-
NMR spectroscopy would add the capability for direct
imaging of three-dimensional molecular structures [9–11].
Another important area for nanoscale nuclear spin con-
trol are multi-qubit spin registers [12–15] and quantum
memories [16–18] demanding efficient quantum gate op-
erations. All of these applications benefit from strong
RF fields, requiring circuits that can accept and dissi-
pate high RF powers [19].
Here, we demonstrate a microcoil excitation system
designed for the generation of strong, time-varying mag-
netic fields at frequencies up to 20 MHz. Our untuned,
broadband circuit allows actuating a broad range of nu-
clear species, including protons, at fields up to several
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hundred millitesla. Coil designs for larger bandwidth or
higher field per unit current are also presented. The coil
holder structure is optimized for efficient heat extraction
such that large currents up to several A can be applied.
We calibrate the magnitude and transient response of the
coil magnetic field in situ using optically-detected mag-
netic resonance (ODMR) spectroscopy of an NV center
in diamond. We demonstrate the coil functionality by
driving fast Rabi rotations of a single 13C nuclear spin in
the NV center’s vicinity.
II. IMPLEMENTATION
A. Experimental setup
Fig. 1(a) shows a schematic of the ODMR setup into
which we integrate the microcoil system. From bottom to
top, the setup includes a microscope objective for optical
initialization and readout of the NV center, a coplanar
waveguide (CPW) to drive the NV center’s ∼ 2.9 GHz
electronic spin transition, the diamond crystal contain-
ing the NV center and 13C nuclei, the microcoil, and a
permanent magnet for applying a bias field. The micro-
coil is positioned via a mechanical mount that can be
translated in three spatial directions.
B. Microcoil design
Our goal is to design a microcoil transmitter circuit
that produces a large RF field over a bandwidth suffi-
cient for addressing a broad range of nuclear species with
resonance frequencies up to tens of MHz. Further design
constraints are a sufficient vertical clearance between the
coil surface and the sample and a maximum current that
can be applied without overheating the circuit.
Before describing our implementation, we recall the ba-
sic design parameters underlying microcoil transmitters.
For a broadband RF circuit with no resonant tuning, the
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FIG. 1: Experimental setup and microcoil design. (a)
Schematic of the ODMR setup as described in the text (not to
scale). The NV center is indicated by the arrow-crossed red
circle, the adjacent 13C nuclear spins by the smaller arrow-
crossed circles. (b) Mechanical mount of the coil, including
coil (central disk), mounting plate (transparent blue), copper
holder (brown) and aluminum bracket (gray). The mechanical
mount is attached to a three-axis translation stage controlled
by manual micrometer screws (not shown). (c) Photograph
of microcoil design №1 glued to a CVD diamond plate. Mi-
crocoils are produced by Sibatron (Switzerland) and consists
of 100-µm-thick copper magnet wire wound in the shape of
an Archimedean spiral. The wires are isolated with a 20-µm-
thick layer of varnish. (d) Magnetic field distribution of the
coil, calculated by numerically evaluating Biot and Savart’s
law and summing over loop currents. Two isofield contours
at B = 4.5 mT/A and B = 2.25 mT/A are shown. Shown
is the vertical cross section (xz plane). d is the vertical dis-
tance between nuclear spins and the lower coil surface. (e)
Radio-frequency drive circuit. Pulses are generated by di-
rect synthesis on an arbitrary waveform generator (AWG, NI
PCI-5421) and amplified by a broadband amplifier (Rohde &
Schwarz BBA150). A 50 Ω termination in series with the coil
is used to match the impedance of the amplifier and to reduce
the quality factor.
25 °C 35 °C 50 °C
sapphire AlN diamondcopper
FIG. 2: Finite element simulation of the temperature distri-
bution in the coil mount, for four different mounting plate
materials. A heat load of 1.35 W is applied at the coil posi-
tion, while the top of the back side of the aluminum bracket
is thermally anchored at 25 ◦C.
optimum coil geometry is a trade-off between bandwidth
and RF field amplitude. To achieve a large bandwidth,
the coil must have a low inductance L, which in turn re-
quires a low number of coil windings. On the other hand,
the more windings, the larger the magnetic field B gen-
erated per unit current I. The goal therefore is to find
a geometry that adequately balances between bandwidth
and field strength.
We estimate the expected magnetic field and induc-
tance of a multilayer solenoid by summing over N circu-
lar loop currents,
B ≈
N∑
i=1
µ0IR
2
i
2([zi − d]2 +R2i )3/2
≈ µ0INR¯
2
2([h/2− d]2 + R¯2)3/2
(1)
L ≈ µ0N2R¯G1G2 (2)
where Ri is the radius and zi is the vertical position of
the i’th loop, referenced to the bottom of the coil (see
Fig. 1(d)). R¯ is the average radius of the coil windings
and h is the coil height. d is the vertical distance between
the lower coil surface and the spins’ location in the sam-
ple, and N = (number of windings)×(number of layers).
G1 and G2 are dimensions-less correction factors that de-
pend on the coil geometry (see Appendix A). Eqs. (1)
and (2) indicate that the magnetic field and inductance
approximately scale as B ∝ N and L ∝ N2, respectively.
The −3 dB bandwidth f3dB of the coil and the dissi-
pated power P are given by
f3dB = 100 Ω/(2piL) , (3)
P ≈
N∑
i=1
2piRiαρwI
2 , (4)
3coil design layers windings ID (mm) OD (mm) h (mm) B/I
(mT/A)
L (µH) f3dB (MHz) P (W)
№1 2 10 1.02 3.13 0.24 4.5 0.77 20.7 0.38
№2 3 13 0.84 2.73 0.36 8.0 2.5 6.37 0.78
№3 1 11 1.30 3.62 0.12 2.4 0.31 51.3 0.25
№4 3 9 2.00 3.90 0.36 5.2 2.5 6.37 0.73
TABLE I: Parameters for four coil designs. The geometries of the planar solenoids are defined by the inner diameter (ID), outer
diameter (OD), height h, the number of layers, and the number of windings. ID values are restricted to the diameters offered
by the manufacturer (Sibatron). The magnetic field B and the inductance L are calculated based on the geometric parameters
of the coil, as explained with Eqs. (1,2). B is the on-axis field at d = 1 mm below the coil. The -3-dB bandwidth f3dB is
calculated using Eq. (3). The dissipated power P is calculated using Eq. (4) for an rms current of I = 1 A, a wire resistance of
ρ = 1.7 · 10−8 Ω/m and by setting the pulse frequency to 2 MHz to estimate the skin effect. The skin effect causes a increase
of the resistance by a factor of 1.39 (see Appendix A). Most reported experiments are performed with design №1 (bold).
where the 100 Ω represent the sum of the terminal re-
sistance and the output impedance of the amplifier (see
Fig. 1e). ρw = 1.7 × 10−8 Ω/m is the DC resistance
of the 100-µm-thick magnet wire and α is a frequency-
dependent correction factor accounting for the skin effect
(see Appendix A). To find an optimum coil configuration,
we vary the coil geometry such that B/I is maximized
under the given design constraints for f3dB and the ver-
tical distance d. We use a wire thickness of 100 µm in all
designs.
In Table I we compare several coil geometries and their
computed inductance and magnetic field. For our experi-
mental demonstration, we choose design №1 that is opti-
mized for a bandwidth of f3dB = 20 MHz and a distance
d = 1 mm, and provides approximately 4.5 mT field per
unit current. Design №2 provides higher field at reduced
bandwidth, while design №3 provides a larger bandwidth
but lower field. Design №4 allows for a larger working
distance d and has a larger tolerance in the mechanical
alignment. A photograph of the microcoil №1 is shown
in Fig. 1(c) and the two-dimensional field distribution is
shown in Fig. 1(d).
C. Thermal anchoring
To maximize the current that can be applied to the
circuit, we thermally anchor the coil on a holder struc-
ture that is optimized for efficient heat extraction. A
schematic of the holder assembly is shown in Fig. 1(b).
The coil is glued by a high-thermal-conductivity epoxy
to a 10 mm× 15 mm mounting plate that sits on a larger
copper holder. The copper holder is connected to a large
aluminum bracket that acts as the terminal heat sink.
The coil feed lines are soldered to a small printed circuit
board and routed to SMA sockets.
III. CHARACTERIZATION
A. Thermal characterization
The most critical heat links are the thermal contact
between coil and mounting plate, as well as the plate
material. We investigate four plate substrates: sapphire
(EMATAG AG Switzerland), aluminium nitride (Cer-
amTec Germany), copper, and CVD diamond (Diamond
Materials Germany). We further investigate two epoxy
resins for coil attachment: Epotek H20E and Masterbond
Supreme 18TC. To choose a plate substrate, we use a fi-
nite element software (Solidworks) to simulate the equi-
librium temperature distribution in the coil holder as-
sembly while applying a thermal load of 1.35 W at the
coil position. We connect the back side of the L-shaped
aluminum holder to a thermal reservoir at 300 K, and
surround the entire holder structure by air at 300 K with
a convention rate of 25 Wm−2K−1.
In Fig. 2 we show the temperature distribution for
the four assemblies. Clearly, heat removal is most effi-
cient for the diamond substrate, thanks to its exceptional
thermal conductivity of 2, 300 Wm−1K−1. The second-
best performance results for OFHC copper, while sap-
phire and aluminum nitride are not competitive. The
simulation predicts a temperature increase of 10 K at the
coil position for the diamond substrate, and of 13 K, 15 K
and 26 K for the copper, aluminum nitride and sapphire
substrates, respectively (see Fig. 2). For our particu-
lar setup, we strive to keep the temperature rise below
2 K in order to avoid drifts in the optical alignment and
the external bias field. This corresponds to a maximum
dissipated power in the microcoil of ∼ 0.27 W. The max-
imum temperature tolerated by the coil assembly before
suffering structural damage is > 370 K.
B. Electrical characterization
Fig. 3(a) shows a vector network analysis of un-
mounted and mounted coils of design №4. For the bare
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FIG. 3: Electrical characterization. (a) Smith chart of the
reflection parameter S11 for coils (design№4) mounted on dif-
ferent mounting plate materials (copper, diamond) with dif-
ferent epoxy glues (electrically conducting, non-conducting).
Blue data are for a bare coil with no mounting plate. Brown
data are for a coil glued with conductive epoxy to a copper
mounting plate. Green data are for a coil glued with conduc-
tive epoxy to a diamond mounting plate. Red data are for a
coil glued with non-conductive epoxy to a diamond mounting
plate. Clearly, only the electrically isolating mount preserves
the high bandwidth of the bare coil. The input frequency
range is 0.01−12.5 MHz. (b) Transmission parameter S12 and
voltage standing wave ratio (VSWR, inset) for the complete
coil circuit (design №1) connected to the 50-Ω termination.
coil with no mounting plate (blue data points), the imag-
inary part of the reflection parameter S11 increases lin-
early with frequency and the real part is almost constant.
The inferred inductance of the coil is L = 2.37 µH, in
good agreement with the design value calculated from
the geometry (L = 2.5 µH, see Table I).
The remaining curves in Fig. 3(a) represent coils
mounted on copper and diamond substrates. We ob-
serve that mounting the coil onto a conductive copper
substrate (brown data points) creates a magnetic short
of the circuit, leading to an undesired, strong reduction
of the bandwidth and a reduced magnetic field strength.
A similar reduction in bandwidth occurs when mounting
the coil by conductive silver epoxy (Epotek H20E) onto
the diamond substrate (green data points). Only when
also replacing the silver epoxy by a non-conductive resin
(Masterbond Supreme 18TC) the electrical characteris-
tics of the bare coil are recovered (red data points).
In Fig. 3(b), we show the measured transmission pa-
rameter S21 and voltage standing wave ratio (VSWR) for
the final coil assembly (design №1) with diamond as the
mounting substrate and the insulating epoxy. The coil
is terminated with a 50 Ω resistance. We measure a f3dB
cut-off frequency of 19.3 MHz, in good agreement with
our design specifications (f3dB = 20.7 MHz, see Table I).
A VSWR below 2:1 is maintained up to 8.8 MHz.
C. In-situ calibration using NV center
magnetometry
We next install the microcoil system in our experimen-
tal setup and connect it to the electrical drive and dump
circuits (Fig. 1(e)). We then use pulsed ODMR spec-
troscopy [21] on the NV center to calibrate the magni-
tude and time response of the coil magnetic field in situ.
Our methods are specifically selected for the calibration
of AC fields.
To determine the magnitude of the field component
B⊥ that is perpendicular to the NV axis, we measure
the Bloch-Siegert shift of the ODMR resonance under
an applied AC current (Fig. 4(a)) [22, 23]. Since the
external bias field is oriented along the NV axis, B⊥ is
the field component that will drive Rabi rotations of the
nuclear spins. The Bloch-Siegert shift is given by (see
Appendix B):
δf ≈ f
(1)
0 + 2f
(2)
0
4f
(1)
0 f
(2)
0
γ2eB
2
⊥ , (5)
where f
(1)
0 and f
(2)
0 are the frequencies of the lower (ob-
served) and upper (unobserved) ODMR transition, fRF is
the RF frequency applied to the coil, B⊥ is the peak field,
and γe = 28.024 MHz/mT is the electron gyromagnetic
ratio (in units of frequency per field). By plotting δf
as a function of the peak current I and fitting a square
law, we find the proportionality constant between B⊥
and I (see Fig. 4(b)). In addition, we determine the field
component parallel to the NV axis, B||, by measuring
the amplitude of the first ODMR side band appearing at
±fRF from the center peak (see Fig. 4(a)) [24]:
p ∝ p0J21
(
γeB||
fRF
)
. (6)
Here, J1 denotes the first-order Bessel function of the
first kind, and p0 is an arbitrary and dimension-less pre-
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FIG. 4: In-situ measurement of the coil magnetic field using
ODMR spectroscopy on the NV center. (a) ODMR spectra
acquired while applying no current to the coil (upper trace)
and while applying RF currents with a peak amplitude of
140 mA (middle trace) and 200 mA (lower trace). δf indicates
the Bloch-Siegert shift of the center transition and p the am-
plitude of the side band. The RF frequency is fRF = 5 MHz
and the bias field is 42 mT. Only one hyperfine transition is
visible in the ODMR spectra because the 15N nuclear spin is
almost fully polarized at this bias field. (b) Bloch-Siegert shift
δf as a function of applied current. Red dots are the data and
black curve a square fit, Eq. (5). (c) Side-band amplitude p
as a function of applied current. Red dots are the data and
black curve a fit to a Bessel function, Eq. (6). (d) Timing di-
agram of the time-resolved ODMR measurement (green laser
pulses, gray microwave pulse) and control signal applied to
the coil (red curve). The laser pulse duration is 2.5 µs and
the pi-pulse duration is 70 ns. We increment tscan in steps
of 10 ns. (e) Measured coil field as a function of time (blue
dots). The black line is a fit of the exponential time response,
taking the moving-average behavior of the snapshot ODMR
technique into account [20]. The fitted rise time is 8 ns. See
Fig. 1(e) for the electrical circuit.
factor. To find the proportionality constant between B||
and I, we plot p as a function of I and fit Eq. (6) to
the data (see Fig. 4(c)). For coil design №1 we mea-
sure a parallel field of B|| = 0.28 mT and a perpendicu-
lar field of B⊥ = 0.92 mT at a peak current of 270 mA.
The field magnitude extrapolated to a current of 1 A
is (B2|| + B
2
⊥)
1/2/(270 mA) = 3.6 mT/A. This value is
slightly lower than the design value of 4.5 mT/A (see Ta-
ble I) in part due to a reduced transmission at 5 MHz
compared to 2 MHz, and in part due to an imprecise coil
alignment.
To measure the rise time of the coil magnetic field we
apply a linear-ramp input signal and record time-resolved
ODMR spectra [20] by increasing the time tscan between
the start trigger and ODMR pulse (Fig. 4(d)). In this
way, we can sample the temporal profile of the coil field.
(Note that a step response cannot be applied with our
AC-coupled amplifier circuit). To analyze the coil re-
sponse, we fit a numerical model to the experimental data
(Fig. 4(e)). We determine a response time of 8 ns and
a corresponding bandwidth of 19.2 MHz, in good agree-
ment with the vector network analysis.
IV. NUCLEAR RABI ROTATIONS
To examine the capability of our microcoil system for
driving fast nuclear spin manipulation, we carry out a set
of Rabi nutation experiments on a single 13C nuclear spin
in the vicinity of the NV center. We choose a 13C that is
sufficiently close to the NV spin to allow for a coherent
coupling [14], yet distant enough to avoid significant hy-
perfine enhancement of the nuclear Rabi frequency [28].
Our pulse sequence, sketched in Fig. 5(a), consists of
three steps: (i) Polarization of the 13C nuclear spin, (ii)
nuclear Rabi pulse of variable duration t, and (iii) detec-
tion of the 〈Iz〉 projection via nuclear state tomography.
Fig. 5(b) shows three Rabi oscillation measurements
for low, medium and high RF drive amplitudes. We ob-
tain the Rabi traces by repeating the protocol shown in
Fig. 5(a) and plotting 〈Iz〉 as a function of the nuclear
pulse duration t. We then extract the corresponding Rabi
frequencies by fitting a simple sinusoid to the oscillation.
Fig. 5(c) shows the measured 13C Rabi frequencies (blue
dots) as a function of the normalized output amplitude
of the AWG. We also plot the peak output power of the
amplifier (red curve). The duty cycle of RF pulses in
these experiments is between 4% and 7%.
We observe a maximum Rabi frequency of 74 kHz at
amplifier saturation (∼ 280 W output power). The high
Rabi frequency permits nuclear pi/2 rotations in 3.4 µs
and pi rotation in 6.8 µs, respectively (Fig. 5b). Tak-
ing into account the hyperfine enhancement of the nu-
clear Rabi frequency, which we estimate to < 4% for
this 13C based on the expressions in Ref. 28, the true
Rabi frequency without enhancement is approximately
71 kHz. The corresponding magnetic field amplitude is
∼ 12.5 mT.
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FIG. 5: Demonstration of fast Rabi oscillations on a single 13C nuclear spin. (a) Experimental pulse sequence. We initialize
the nuclear spin by polarization transfer from the NV center using an amplitude-ramped NOVEL scheme [25–27]. Subsequently,
we apply a Rabi pulse of varying duration t to the coil. The pulse is tuned into resonance with the 13C Larmor frequency at
2.13 MHz. We detect the Iz projection of the nuclear spin via the NV center using the state tomography protocol reported
in Ref. [14]. A bias field of 199.4 mT is applied along the symmetry axis of the NV center. (b) Examples for nuclear Rabi
oscillations recorded at AWG amplitudes of 0.2, 0.35 and 0.6. Blue dots are the data and black lines are fits to sinusoids.
(c) Rabi frequency plotted as a function of relative AWG pulse amplitude (blue data points). Above an AWG amplitude of
approximately 0.6, the amplifier saturates resulting in a maximum Rabi frequency of 74 kHz. The output power of the amplifier
(red) is shown on the right scale.
V. CONCLUSIONS
In summary, we have designed a planar microcoil
for efficient nuclear spin manipulation in the context
of nanoscale NMR spectroscopy and solid-state quan-
tum devices. Our impedance-matched circuit has a large
bandwidth of up to ∼ 20 MHz and provides 4.5 mT/A
field at a separation of 1 mm. Higher bandwidths, larger
fields or larger separations can be realized by adjusting
winding numbers and coil radius. Using an optimized
heat removal structure, we are able to apply pulse ampli-
tudes of up to 280 W at a 5% duty cycle while keeping the
temperature increase of the coil below 2 K. We demon-
strate 13C Rabi frequencies exceeding 70 kHz and nuclear
pi/2 and pi rotations in 3.4 µs and 6.8 µs, respectively. If
desired, Rabi frequencies could be further enhanced by
reducing the separation between microcoil and sample
and by further increasing the amplifier power.
The large bandwidth of our microcoil circuit is es-
pecially useful for applications in low-field NMR spec-
troscopy, and in particular, for nanoscale NMR experi-
ments that do not rely on thermal (Boltzmann) polar-
ization [29]. Because the coil circuit is broadband, mul-
tiple nuclear species can be excited simultaneously by
adding pulse patterns in software before uploading them
onto the AWG hardware. This feature will greatly sim-
plify heteronuclear NMR schemes including polarization
transfer, heteronuclear decoupling and two-dimensional
correlation methods. In addition, high RF fields are crit-
ical for homonuclear decoupling of proton spins in solids
[1]. Taking the reduced microcoil transmission at higher
frequencies into account, the extrapolated 1H Rabi fre-
quency is about 240 kHz for a 1H NMR frequency of
8 MHz. This Rabi frequency is well above the dipolar
coupling frequencies even for dense proton networks, sug-
gesting that homonuclear decoupling will be very efficient
for a wide range of solid samples.
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8Appendix A: Empirical expressions for coil
inductance and skin effect
Inductance
The geometry-dependent factors G1 and G2 of Eq. (2)
are approximately given by
G1 = log
(
8R¯
R2 −R1
)
− 1
2
+
1
24
(
R2 −R1
2R¯
)2 [
log
(
8R¯
R2 −R1
)
+ 3.583
]
(A1a)
and
G2 =
[
1 + 0.97 ·
(
R2 −R1
2R¯
)0.62
· N1dw
R2 −R1
]−1
(A1b)
according to Ref. [30, p. 3-34 ff.]. Here, R1 is the inner
radius, R2 = R1 + N2dw/2 the outer radius, and dw is
the wire diameter. N1 the number of layers and N2 the
number of windings per layer.
Skin effect
The correction factor α in Eq. (4), which describes the
increase in resistance due to the skin effect, is approxi-
mately given by
α−1(x) =
2
x2
[
x− 1 + e−x] (A2)
where x =
√
fdw/2δ. Here f is the frequency, dw the
wire diameter, and δ = 0.06611
√
Hz m the skin depth
parameter for copper. The correction factor α is 1.27 at
1 MHz, 1.48 at 3 MHz and 1.93 at 10 MHz.
Appendix B: Bloch-Siegert shift for spin S = 1
system:
The Bloch-Siegert shift for a spin S = 1 system is given
by (see also Ref. 31, p. 316 ff., adapted for a spin S = 1
system):
δf =
(
2
f
(1)
0 + fRF
+
2
f
(1)
0 − fRF
+
1
f
(2)
0 + fRF
+
1
f
(2)
0 − fRF
)
(γeB⊥)
2
8
,
(B1)
where f
(1)
0 denotes the frequency of the observed tran-
sition under no RF irradiation, f
(2)
0 the frequency of
the unobserved transition under no RF irradiation,
fRF the RF frequency applied to the coil, and γe =
28.024 MHz/mT. In our experiment, f
(1)
0 is the lower
frequency (mS = 0 to mS = −1) and f (2)0 is the higher
frequency (mS = 0 to mS = 1) transition. For low RF
frequencies fRF  f (1)0 , f (2)0 , the above expression sim-
plifies to
δf ≈ f
(1)
0 + 2f
(2)
0
4f
(1)
0 f
(2)
0
γ2eB
2
⊥ (5)
